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Abstract – Microwave nondestructive evaluation (NDE) techniques 
have shown great potential for disbond detection in multi-layer 
dielectric structures. However, a quantitative disbond thickness 
estimation scheme has not been introduced yet. In this paper, we 
propose a maximum-likelihood (ML) disbond thickness estimation 
scheme utilizing multiple independent measurements obtained at 
different frequencies. By simulations and experiments, we show that 
the proposed scheme produces highly accurate disbond thickness 
estimates. 
Keywords – Disbond thickness, maximum likelihood (ML), multiple 
frequency measurements, nondestructive evaluation (NDE). 
I. INTRODUCTION 
Quantitative nondestructive evaluation (NDE) is of 
practical significance in vast range of applications. A vital 
application where quantitative NDE is frequently called upon 
is the detection of planner disbonds/delaminations in multi-
layer dielectric structures. In this context, the NDE modality 
must be capable of detecting the disbond as well as 
evaluating its thickness. To this end, near-field microwave 
NDE techniques utilizing open-ended rectangular waveguides 
have shown great promise [1]-[6].   
Detection and evaluation of disbonds in multi-layer 
dielectric structures using near-field microwave NDE 
techniques have been investigated extensively in the past (see 
[2] for example). The physical model which describes the 
interaction between microwave signals and a multi-layer 
structure has been developed and validated experimentally in 
[2]. Therein, the sensitivity of the phase and magnitude of the 
reflection coefficient to variations in a disbond thickness was 
demonstrated. In [3], a similar model-based approach was 
used to estimate the thickness of synthesized rubber sheets 
using root finding scheme. Furthermore, optimizing the 
measurement sensitivity by selecting the appropriate standoff 
distance and frequency of operation was considered in [4]. 
The majority of the relevant work in the literature 
emphasizes the potential of microwave NDE techniques for 
detecting various disbonds and estimating their thicknesses 
rather than the estimation scheme itself. The estimation 
scheme is mainly an algorithm that works solely on the 
measured data to produce an estimate of the disbond 
thickness. This scheme should exhibit immunity against 
measurement uncertainties, e.g., system noise. Moreover, the 
estimation scheme should produce unique (unambiguous) 
estimate of the disbond thickness. These requirements are 
very crucial for disbond detection using near-field microwave 
NDE techniques since in general the measurement parameter 
is nonlinearly related to the disbond thickness. This in turn, 
renders root finding schemes not feasible for a relatively wide 
range of thicknesses. Up to the authors’ best knowledge, an 
accurate estimation scheme which is capable of estimating 
the disbond thickness unambiguously in the presence 
measurement uncertainly has not been introduced yet.  
In this paper, we present a maximum-likelihood (ML) 
disbond thickness estimation scheme that employs multiple 
independent measurements obtained at different frequencies. 
We show that the proposed scheme produces accurate 
estimates of disbond thickness. The performance of this 
scheme is assessed using simulations as well as laboratory 
experiments.  
The remainder of the paper is organized as follows. 
Section II describes the proposed estimation algorithm. In 
Section III, numerical results are presented. Experimental 
results are reported and discussed in Section IV. Finally, 
Section V concludes the paper.  
II. PROPOSED SCHEME 
The multi-layer dielectric structure configuration 
pertaining to this investigation is shown in Fig 1. In 
particular, a dielectric layer backed by a conductor substrate 
irradiated in the near-field of a rectangular waveguide (RWG) 
is considered. An air-filled disbond of certain thickness, d ,
might be present under the dielectric layer. It is assumed that 
the dielectric properties as well as the thickness of the 
dielectric layer are known. We further assume a finite 
discrete set of disbond thicknesses to be estimated. That is 
1 2{ , ,..., }nd d d d∈ with the assignment 1 0d =  to encompass 
the no disbond case.  
A rectangular waveguide is used to launch a microwave 
signal into the specimen and intercept the reflected signal. 
The complex reflection coefficient, measured at the aperture 
of the waveguide, is used to obtain quantitative information 
about the disbond. For that purpose, a calibrated type of 
measurement at M frequencies is conducted. The 
information sought about the disbond can be acquired upon 
comparing the phase and magnitude of the measured complex 
reflection coefficient to corresponding theoretical values. The 
standoff distance (SOD), the number of frequencies and the 
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Fig. 1: Multi-layer structure configuration with air- filled disbond. 
frequencies of operation are used as optimization parameters 
to maximize the estimation accuracy. 
The measured complex reflection coefficient as a function 
of frequency, disbond thickness, and standoff distance can be 
written as: 
( , , ) ( , , )m j s a j s nf d d f d d γΓ = Γ +                           (1) 
where, mΓ is the measured complex reflection coefficient, 
aΓ is the actual/theoretical complex reflection coefficient as 
expected from the model [2], jf is the frequency of operation, 
1 2{ , ,..., }j Mf f f f∈ , d is the disbond thickness to be 
evaluated, sd is the standoff distance, and finally nγ is an 
uncertainty term that represents the noise contaminating the 
measurement and the modeling approximations. Henceforth, 
this term will be referred to as noise and it is modeled as 
complex Gaussian random variable of zero mean and 
variance 
0 / 2N per dimension. 
The objective of the estimation scheme is to produce 
accurate estimate of the disbond thickness based on the 
measured reflection coefficient mΓ . Given the measurement 
model in (1), the optimum estimator, in Mean Squared Error 
(MSE) sense, would be the ML estimator [7]. The ML 
estimator is optimum as long as the disbond thicknesses are 
equally probable in practice, i.e., the probability that the 
disbond occurs with any thickness in the finite set 
1 2{ , ,..., }nd d d  is 1/ n . Otherwise, the Bayesian estimators 
outperform the ML estimator. Assuming equal probable 
disbond thicknesses, the ML disbond thickness estimates can 
be found as [7]: 
ˆ argmin( )id Z=                                                 (2)               
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The metric in (3) represents the MSE between the 
measured and actual reflection coefficient. Basically, the ML 
estimator searches for the disbond thickness that minimizes 
the MSE.  
It can also be shown that the standoff distance and the set 
of frequencies that maximizes the estimation accuracy of the 
above estimator should be selected according to the following 
rule: 
, argmin(Y)sF d< >=                                                     (4) 
where, 1 2{ , ,..., }MF f f f= , and: 
1, 1
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= Γ Γ∑                         (5) 
where the superscript H implies Hermitian transposition. 
The selection metric in (4) requires that the frequency set 
and the standoff distance to be selected such that the 
correlation between the responses of the different disbond 
thicknesses is minimized. 
To inspect a structure similar to the one described above 
for disbonds, the proposed estimation scheme can be outlined 
as follows: 
• decide on the range of disbond thicknesses to be 
inspected, 
• optimize the standoff distance and the set of 
frequencies to be used as per (4), 
• measure the complex reflection coefficient at the 
selected standoff distance and frequencies, and  
• evaluate the metric in (3) for all possible disbond 
thicknesses.  
The disbond thickness estimate would be the one which 
minimizes (3).  
III. NUMERICAL RESULTS 
For simulation, an air disbond of thickness varying from 
0 to 0.5 mm with step of 0.01 mm was considered in the X-
band (8.2 - 12.4 GHz) and SOD ranging from 0 to 5 mm with 
step of 1 mm. The disbond was introduced under a dielectric 
slab of thickness 0.778 mm and complex permittivity of 6.1-
j0.37. 
The theoretical complex reflection coefficient was 
computed for each combination of disbond thickness, SOD, 
and frequency of operation. Complex Gaussian 
noise/uncertainty with known power was added to the 
computed reflection coefficient. Thereafter, the noisy 
reflection coefficient was presented to the proposed 
estimation scheme to estimate the disbond thickness.  
Operating over the entire X-band frequency range (21 
uniformly spaced frequency points were used here), the first 
step was to find the optimum standoff distance (in the set 0, 
1, …, 5 mm) to detect the disbond and accurately estimate its 
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as the figure of merit for optimization. This is a rational 
figure of merit since the MSE is essentially proportional to 
selection metric as per (4). 
Fig. 2 shows the MSE in estimating the disbond 
thickness as a function of the signal-to-noise ratio (SNR) at 
different standoff distances. It is evident that the estimation 
accuracy deteriorates at low SNR. Basically this is attributed 
to the fact that at low SNR the noise dominates over the 
desired signal. As shown in the figure, the standoff distance 
of 3 mm results in the minimum MSE over the entire range of 
SNR considered here. Hence, 3 mm is selected as the 
optimum standoff distance.  















SOD = 0 mm
SOD = 1 mm
SOD = 2 mm
SOD = 3 mm
SOD = 4 mm
SOD = 5 mm
Fig. 2: The MSE in estimating the thickness of the disbond as a 
function of the SNR at different SODs. 
Table I shows an example of disbond thickness 
estimation results based on the proposed approach at the 
optimum standoff distance while the SNR was set to 10 dB. 
The proposed scheme was able to estimate the disbond 
thickness accurately most of the times. These results illustrate 
the potential of the proposed estimation scheme in the 
presence of measurement uncertainties.  
Table I: Sample estimation results at SNR = 10 dB and SOD = 3 mm.
Simulated Thickness 
(mm) 






IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 
To demonstrate the efficacy of the proposed approach, a 
multi-layer structure similar to the one depicted in Fig. 1 was 
considered. We used synthesized rubber sheet of thickness 
4.42 mm as the dielectric layer. The dielectric properties of 
the rubber sheet were measured at X-band using two-port 
loaded transmission line technique [8]. An air-filled disbond 
of varying thickness was introduced under the rubber sheet 
by moving the conductor substrate away from the sheet using 
a high precision position apparatus. The disbond range of 
interest was set to span the interval from 0 to 5.08 mm. The 
thickness of the disbond was varied in this interval with a 
step of 0.254 mm. Finally, the standoff distance was set to 3 
mm, and a WR-90 (X-band) waveguide was used to irradiate 
the specimen. In practice, the disbond thickness is typically 
much smaller than the thickness of the dielectric layer. The 
values used in this experiment, however, were for illustration 
purposes. 
At each disbond thickness, swept frequency measurements 
were conducted using an HP 8510C vector network analyzer. 
To randomize the measurement error (especially positioning 
errors), the measurements where repeated 5 times and at each 
we repositioned the substrate and the rubber sheet. 
Thereafter, the average of the measured 5-sample data was 
presented to the proposed scheme to estimate the disbond 
thickness.  
As an implementation example of the ML search 
algorithm given in (2) and (3), consider Fig 3 which shows 
the computed metric from (3) as a function of disbond 
thickness. The actual (physical) disbond thickness was 0.508 
mm. As indicated in the figure, the minimum point on the 
curve occurs when the disbond thickness is 0.508 mm. 
Consequently, as per (2), the estimated thickness would be 
0.508 mm which match the actual disbond thickness. It is 
important to notice that the ML search step size was also set 
to 0.254 mm. This is the reason behind getting the minimum 
of (3) exactly at 0.508 mm. If a smaller search step size was 
used instead, then the minimum would have occurred in the 
neighborhood of the exact thickness.     








Fig. 3: The computed metric from (3) as function of disbond thickness.
In the previous example, 21 frequencies (uniformly 
spaced) in the X-band were used. To highlight the effect of 
the number of frequencies, M , in the frequency set on the 
estimation accuracy, we used the ML estimator with 1, 4, and 
7 frequencies. Table II shows the MSE in estimating the 
1969
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disbond thickness at each number of frequencies. It is clear 
that as the number of frequencies is reduced, the estimation 
accuracy deteriorates. This is a rather expected result since by 
reducing the number of frequencies, the diversity gain over 
measurement uncertainty is also reduced.  
Table II: MSE in estimating the disbond thickness as a function of the 
number of frequencies. 




Fig. 4 shows sample disbond estimation results with 8 and 
4 frequencies. A perfect estimation trace is also depicted on 
the graph as a performance reference. While operating with 4 
frequencies results in errors in estimating 3 out of 5 disbond 
thicknesses, operating with 8 frequencies yields accurate 
estimates for all disbond thicknesses.  


























Estimation with 8 frequencies
Estimation with 4 frequencies
Fig. 4: Sample disbond estimation results with 8 and 4 frequencies.
To further assess the capability of the proposed scheme to 
provide high resolution disbond thickness estimates, the 
disbond thickness in the abovementioned setup was varied 
from 0 to 1 mm in steps of 0.05 mm. For each disbond 
thickness, calibrated measurements were taken as described 
above. The ML estimator search step size was set to 0.025 
mm. Table III shows sample estimation results (averaged 
over 6 measurements) for 3 closely spaced disbond 
thicknesses using 21 frequencies. It is evident that the 
proposed scheme was able to distinguish each disbond 
thickness independently. 
V. CONCLUSIONS 
A quantitative high-resolution disbond thickness scheme 
has been presented in this paper. Based on Maximum 
Likelihood (ML) approach, the proposed scheme utilizes 
multiple independent measurements obtained at different 
frequencies to estimate the disbond thickness. The proposed 
scheme lend itself to optimization with three degrees of 
freedom; standoff distance, the number of frequencies, and 
the frequencies of operation. By simulation and experiments, 
it has been shown that the proposed scheme projects a 
promising performance in detecting and evaluating the 
thickness of disbonds in multi-layer structures. We remark 
that the proposed scheme might be computationally 
prohibited in real time applications where the search for the 
disbond thickness should be conducted over wide span. In 
such applications, it is recommended to use efficient 
approximate ML estimators.  
Table III: Sample of the high resolution estimation results.
ACKNOWLEDGMENT 
This work is supported by the Air Force Research 
Laboratory under Contract FA8650-04-C-5704. 
REFERENCES 
[1] Zoughi, R., Microwave Non-Destructive Testing and Evaluation,
Kluwer Academic Publishers, The Netherlands, 2000. 
[2] S. Bakhtiary, N. Qaddoumi, S. I. Ganchev, and R. Zouhgi, “Microwave 
noncontact examination of disbond and thickness variation in stratified 
composite media,” IEEE Trans. on Microwave and Techniques, vol 42, 
no. 3, March 1994. 
[3] S. Bakhtiary, S. I. Ganchev, and R. Zouhgi,, “Open-ended rectangular 
waveguide for nondestructive thickness measurement and variation 
detection of lossy dielectric slabs backed by a conducting plate,” IEEE 
Trans. on Instrum. and Measu., vol. 42, no. 1, Feb. 1993. 
[4] S. I. Ganchev, N. Qaddoumi, E. Ranu, and R. Zoughi, “Microwave 
detection optimization of disbond in layered dielectrics with varying 
thickness,” IEEE Trans. on Instrum. and Measu., vol. 44, no. 4, April 
1995. 
[5] N. Qaddoumi, R. Zoughi, and G.W. Carriveau, "Microwave detection 
and depth determination of disbonds in low-permittivity and low-loss 
thick sandwich composites," Research in Nondestructive Evaluation,
vol. 8, no. 1, pp. 51-63, 1996.  
[6] R. Zoughi, J. Lai, and K. Monuz, "A brief review of microwave 
inspection of stratified composite structures: A comparison between 
plane-wave and near-field approaches," Materials Evaluation, vol. 60, 
no. 2, pp. 171-177, Feb. 2002.  
[7] S. M. Kay, Fundamentals of Statistical Signal Processing: Estimation 
Theory, Upper Saddle River, NJ, Prentice-Hall, 1998.  
[8] K. J. Bois, L. F. Handjojo, A. D. Benally, K. Mubarak, and R. Zoughi, 
“Dielectric plug-loaded tow-port transmission line measurement 
technique for dielectric property characterization of granular and liquid 





(mm) % Error 
0.55 0.529 3.82 
0.60 0.596 0.67 
0.65 0.667 2.62 
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